Previous studies showed that ZAPL (PARP-13.1) exerts its antiviral activity via its N-terminal zinc fingers that bind the mRNAs of some viruses, leading to mRNA degradation. Here we identify a different antiviral activity of ZAPL that is directed against influenza A virus. This ZAPL antiviral activity involves its C-terminal PARP domain, which binds the viral PB2 and PA polymerase proteins, leading to their proteasomal degradation. After the PB2 and PA proteins are poly(ADP-ribosylated), they are associated with the region of ZAPL that includes both the PARP domain and the adjacent WWE domain that is known to bind poly(ADP-ribose) chains. These ZAPL-associated PB2 and PA proteins are then ubiquitinated, followed by proteasomal degradation. This antiviral activity is counteracted by the viral PB1 polymerase protein, which binds close to the PARP domain and causes PB2 and PA to dissociate from ZAPL and escape degradation, explaining why ZAPL only moderately inhibits influenza A virus replication. Hence influenza A virus has partially won the battle against this newly identified ZAPL antiviral activity. Eliminating PB1 binding to ZAPL would be expected to substantially increase the inhibition of influenza A virus replication, so that the PB1 interface with ZAPL is a potential target for antiviral development.
Previous studies showed that ZAPL (PARP-13.1) exerts its antiviral activity via its N-terminal zinc fingers that bind the mRNAs of some viruses, leading to mRNA degradation. Here we identify a different antiviral activity of ZAPL that is directed against influenza A virus. This ZAPL antiviral activity involves its C-terminal PARP domain, which binds the viral PB2 and PA polymerase proteins, leading to their proteasomal degradation. After the PB2 and PA proteins are poly(ADP-ribosylated), they are associated with the region of ZAPL that includes both the PARP domain and the adjacent WWE domain that is known to bind poly(ADP-ribose) chains. These ZAPL-associated PB2 and PA proteins are then ubiquitinated, followed by proteasomal degradation. This antiviral activity is counteracted by the viral PB1 polymerase protein, which binds close to the PARP domain and causes PB2 and PA to dissociate from ZAPL and escape degradation, explaining why ZAPL only moderately inhibits influenza A virus replication. Hence influenza A virus has partially won the battle against this newly identified ZAPL antiviral activity. Eliminating PB1 binding to ZAPL would be expected to substantially increase the inhibition of influenza A virus replication, so that the PB1 interface with ZAPL is a potential target for antiviral development.
ZAPL PARP domain | influenza A virus polymerase protein subunits | proteasomal degradation | ubiquitination | poly(ADP-ribosylation) I nfluenza A viruses cause an annual contagious respiratory disease in humans and are responsible for pandemics that result in higher mortality rates (1) . The influenza A virus genome is composed of eight segments of negative sense viral RNAs (2) . The three largest segments encode the three subunits (PA, PB1, PB2) of the viral polymerase that is responsible for viral RNA synthesis in infected cells (3, 4) . The smallest segment encodes the NS1 protein, a multifunctional nonstructural protein that counters host antiviral responses and regulates other cellular and viral functions (5) . A major function of the NS1 protein of most influenza A virus strains is the binding of a cellular pre-mRNA 3′-end processing factor, CPSF30, thereby inhibiting the production of cellular mRNAs, including IFN mRNAs (6) .
A major goal of influenza A virus research is to identify specific host proteins that either facilitate or inhibit virus replication. To identify host proteins associated with the NS1 protein that is bound to CPSF30, we purified CPSF30-NS1 complexes from infected cells by sequential affinity selection of CPSF30 and NS1 (7) . This purification should yield primarily those cellular and viral proteins that interact with CPSF30 and/or NS1, either directly or indirectly. Because many cellular proteins bind to the NS1 protein, and some of these interactions with NS1 may be mutually exclusive (5), it is likely that there are multiple CPSF30-NS1 complexes that differ with respect to the cellular protein(s) that are bound to the NS1 protein.
We have already demonstrated that one cellular protein that is associated with purified CPSF30-NS1 complexes, the DDX21 RNA helicase, is a regulator of influenza A virus gene expression (7) .
The cellular ZAPL antiviral protein is also associated with purified CPSF30-NS1 complexes (ref. 7 and the present study). ZAPL is a 902-amino-acid-long PARP protein that contains an Nterminal domain with four zinc fingers, internal TPH and WWE domains, and a C-terminal PARP domain (8) . Previous studies showed that ZAPL antiviral activity is mediated by its N-terminal zinc fingers, which bind to mRNAs of several viruses and promote degradation of these mRNAs by recruiting the exosome (8) (9) (10) (11) (12) (13) (14) . This ZAPL antiviral activity has not been reported to act against influenza A virus. The ZAPS protein, which lacks the PARP domain, also promotes the degradation of specific viral mRNAs.
Much less is known about the antiviral role of the ZAPL PARP domain, which lacks the poly(ADP-ribosylation) activity of other cytoplasmic PARP proteins (15) . ZAPL was shown to have stronger activity than ZAPS in degrading viral mRNAs and inhibiting Semliki Forest virus and Moloney murine leukemia virus, but it was not determined how the PARP domain enhances these activities (8) . A subsequent study showed that ZAPL is bound to endo/lysosomes via S-farnesylation of a Cys in the PARP domain and that this binding enhances mRNA degradation and antiviral activity against Sinbis virus (16) . It is not known how these ZAPL activities are enhanced by endo/lysosomal association. Another study showed that the three amino acids (triad) in the ZAPL PARP domain, which deviates from the triad required for poly(ADP-ribosylation) activity (15) , is necessary for antiviral activity against Sindbis virus (17) . It is not known why the alternate triad is required for this antiviral activity.
Here we identify the role of the C-terminal PARP domain of ZAPL in antiviral activity directed against influenza A virus. The ZAPL PARP domain binds the PA and PB2 polymerase proteins, leading to their proteasomal degradation. This antiviral activity is counteracted by the PB1 polymerase protein, which binds to an adjacent region of ZAPL and causes PA and PB2 to dissociate from ZAPL and thus escape degradation. Because PB1 antagonizes this ZAPL antiviral activity, influenza A virus replication is only moderately inhibited (20-to 30-fold) by endogenous ZAPL. These results indicate that influenza A virus has partially won the battle against this newly identified ZAPL antiviral activity and that the PB1 interface with ZAPL is a potential target for antiviral development.
Significance
Influenza A viruses cause a contagious human respiratory disease that can result in high mortality rates. Here we identify a new antiviral activity of the cellular ZAPL protein. This activity involves its C-terminal PARP domain and is directed against influenza A virus. The ZAPL PARP domain binds the viral PA and PB2 proteins, leading to their degradation by the proteasome. This degradation pathway involves two posttranslational modifications of PA and PB2, poly(ADP-ribosylation) and ubiquitination. The viral PB1 protein counteracts ZAPL antiviral activity by binding close to the PARP domain, causing PA and PB2 to dissociate from ZAPL and escape degradation, indicating that the PB1 interface with ZAPL is a potential target for antiviral development.
Results

ZAPL, Which Is Associated with Purified Infected Cell CPSF30-NS1
Complexes, Inhibits Influenza A Virus Replication. We purified CPSF30-NS1 complexes from influenza A/Udorn/72 (Ud) virusinfected cells as described previously (7) . The 293T cells were transfected with a plasmid expressing GST-CPSF30, followed by infection with a recombinant Ud virus that expresses Flag-NS1 or wild-type (WT) NS1 protein as a control. CPSF30-NS1 complexes were purified by sequential affinity selections of GST and Flag. We have already shown that the viral PB1, PB2, PA, NP, and NS1 proteins and the cellular DDX21 RNA helicase are in CPSF30-NS1 complexes (7) . In addition, mass spectrometry identified a substantial number of peptides of the cellular ZAP protein only in the proteins of 90-to 110-kDa molecular weight in purified CPSF30-NS1 complexes (7) . These results suggested that CPSF30-NS1 complexes probably contain the large ZAPL isoform (100 kDa), but not the small ZAPS isoform (78 kDa) that lacks the C-terminal PARP domain (Fig. 1A ). An antibody (Ab) directed against the N-terminal region that is shared by these two isoforms verified that the ZAPL protein, but not the ZAPS protein, is in the purified CPSF30-NS1 complexes and that neither ZAP protein was present in the control sample (Fig. 1B) . Both ZAPL and ZAPS are present in virus-infected cells, but ZAPL predominates (Fig. S1A) .
To establish whether endogenous ZAPL inhibits Ud virus infection, we transfected human HeLa cells with two different ZAPL siRNAs that target the mRNA sequence encoding the ZAPL PARP domain. In this experiment ZAPL2 siRNA was more effective than ZAPL1 in knocking down ZAPL (Fig. 1D ). Cells transfected with a ZAPL or control siRNA were infected with Ud virus at a low multiplicity of infection, and virus production was assayed at 26 and 50 h after infection. Replication of Ud virus was enhanced 20-to 30-fold in cells transfected with the ZAPL2 siRNA compared with cells transfected with the control siRNA. Less enhancement of virus replication was observed in cells transfected with the ZAPL1 siRNA that was less effective in ZAPL knockdown. ZAPL knockdown in human A549 cells also enhanced Ud virus replication 20-to 30-fold (Fig. S1B ). These results establish that endogenous ZAPL inhibits influenza A virus replication in human cells.
ZAPL Binds the PB1 Protein and Reduces the Levels of the PA and PB2
Proteins. To determine whether ZAPL binds any of the viral proteins previously identified in CPSF30-NS1 complexes, 293T cells were transfected with a plasmid expressing PB1, PB2, PA, NP, or NS1 with or without cotransfection with a plasmid expressing ZAPL. Cell extracts were immunoprecipitated with ZAPL Ab, followed by immunoblots probed with Abs directed against each of the viral proteins. Of these viral proteins, only PB1 bound to ZAPL in a RNase-resistant manner ( Fig. 2A) , indicating that this binding involves protein-protein interactions. NP also bound to ZAPL, but this binding was eliminated by RNase digestion (Fig. S2A ), indicating that this interaction is mediated by RNA. For this reason, we focused on the PB1-ZAPL protein-protein interaction in subsequent experiments. The PB1 protein of another influenza A virus strain also binds to ZAPL in a RNase-resistant manner (Fig. S2B) . These results indicate that the binding of ZAPL to PB1 is likely responsible at least in part for the presence of ZAPL in infected cell CPSF30-NS1 complexes. In addition, endogenous ZAPL binds the PB1 protein synthesized during virus infection: PB1 was coimmunoprecipitated from an infected cell extract with ZAPL Ab (Fig. 2B) .
The PB2 and PA proteins did not bind ZAPL in the coimmunoprecipitation experiment described above. Instead, immunoblots of the cell extracts before immunoprecipitation with ZAPL Ab showed that plasmid expression of ZAPL reduced the levels of the PA and PB2 proteins (Fig. 2C ). The same result was obtained with the PA and PB2 proteins of other influenza A virus strains (Fig.  S2C ). In contrast, the levels of the NS1, PB1, and NP proteins were not reduced by plasmid expression of ZAPL (Fig. 2C ).
ZAPL-Mediated Reduction of the Level of the PA Protein Does Not
Result from Degradation of PA mRNA. Previous studies of ZAPL showed that it binds to some viral mRNAs via N-terminal zinc fingers and promotes degradation of these mRNAs (8) (9) (10) (11) (12) (13) (14) . Because a C88R mutation in the second zinc finger of ZAPL eliminates RNA-binding and degradation activities (10), we introduced this mutation into ZAPL and determined whether this mutated ZAPL protein inhibits production of the PA protein. We first verified that, unlike WT ZAPL and ZAPS, the mutated ZAPL lacks mRNA degradation activity, using an assay for ZAP-mediated RNA degradation established by others (8) (Fig. S2D) . We transfected cells with the PA plasmid and increasing amounts of plasmids expressing either WT ZAPL, ZAPL with the C88R mutation, or ZAPS (Fig.  2D) . The WT ZAPL and the C88R mutant ZAPL effectively reduced the amount of the PA protein to essentially the same extent, indicating that the mRNA degradation activity of ZAPL is not involved in reducing the level of the PA protein. ZAPS, which causes RNA degradation but lacks the PARP domain, did not reduce the level of PA, indicating that the PARP domain is involved in the reduction of PA, which is confirmed below. We verified that mRNA degradation does not have a role in inhibiting PA protein production: quantitative RT-PCR showed that plasmid-expressed ZAPL did not decrease the level of PA mRNA (Fig. 2E ).
PARP Domain of ZAPL Binds PA and PB2 and Promotes Their Proteasomal Degradation, Whereas PB1 Binds to the Adjacent WWE Region of ZAPL.
Based on the above results, we tested an alternative mechanism for ZAPL action, namely, that plasmid-expressed ZAPL promotes proteasomal degradation of the PA and PB2 proteins. Cells were transfected with the PA or PB2 plasmid with or without the ZAPL plasmid and 18 h later were treated with the MG132 proteasomal inhibitor or DMSO (as a control) for 24 h (Fig. 3A) . In cells transfected with the ZAPL plasmid, very little PA or PB2 protein was detected in the absence of MG132 (lanes 3 and 7), and the levels of these two proteins were substantially increased by MG132 treatment (lanes 4 and 8), showing that plasmid-expressed ZAPL results in proteasomal degradation of PA and PB2. In addition, as shown by their coimmunoprecipitation by ZAPL antibody, the PA and PB2 proteins that were rescued from proteasomal degradation by MG132 treatment were bound to ZAPL in a RNase-resistant manner, suggesting that ZAPL binds PB2 and PA to promote their degradation. Plasmid-expressed ZAPL was largely responsible for these effects on the levels of the PB2 and PA proteins because these PB2 and PA levels were substantially lower than the levels in the absence of the ZAPL plasmid, both without and with MG132 treatment. In the absence of the ZAPL plasmid, the levels of the PB2 and PA proteins were increased by MG132 treatment (lanes 1 and 2 and lanes 6 and 7), and the MG132-stabilized PB2 and PA proteins were bound to endogenous ZAPL in a RNase-resistant manner. These results suggest that endogenous ZAPL targets PB2 and PA to promote their proteasomal degradation, which is validated below. In contrast, the level of PB1 was not increased by MG132 treatment in the absence of plasmid-expressed ZAPL and was only slightly increased (∼twofold) by MG132 treatment in cells transfected with the ZAPL plasmid (Fig. 3A, lanes 9-12) , in confirmation of the results of Fig. 2C .
To establish whether PA and PB2 bind to the PARP domain of ZAPL, we transfected cells with plasmids expressing different V5-tagged fragments of ZAPL to determine their ability to bind PB2, PA, and PB1 (Fig. 3B) . In the PB2-and PA-binding assays, cells were treated with MG132 to minimize PB2 and PA proteasomal degradation by ZAPL. The Z1 ZAPL fragment comprising the PARP domain was sufficient to bind PA and PB2, but not PB1, confirming that the PARP domain is required for binding PB2 and PA, but not PB1. The Z2 fragment comprising both the PARP and WWE domains bound PB1 almost as efficiently as the full-length ZAPL protein, indicating that PB1 probably binds predominantly to the ZAPL region containing the WWE domain. Because a fragment containing only the WWE domain (amino acids 580-700) was very poorly expressed in transfection assays, it was not feasible to use this fragment for binding assays.
In addition, the Z2 fragment bound substantially more PB2 and PA than full-length ZAPL, and some of the Z2-bound PB2 and PA proteins were larger in size, indicating that they contain posttranslational modifications. Because the WWE domain has been shown to bind poly(ADP-ribose) chains (18) , it is likely that some of the PB2 and PA proteins associated with the Z2 fragment are poly(ADP-ribosylated), which is verified below.
ZAPL, a cytoplasmic PARP protein (16, 19) , would be expected to interact with the PA, PB2, and PB1 proteins in the cytoplasm. Individually expressed PA and PB1 proteins are localized primarily in the cytoplasm, whereas PB2 is primarily localized in the nucleus (20) . Nonetheless, immunofluorescence analyzed by confocal microscopy of cells cotransfected with a ZAPL plasmid and a PA, PB2, or PB1 plasmid verified that ZAPL interacts in the cytoplasm with PB2 as well as with PA and PB1 (Figs. S3 and S4 ).
Endogenous ZAPL, Like Plasmid-Expressed ZAPL, Is Required for the Ubiquitination and Degradation of PB2 and PA. Because the proteasome degrades ubiquitinated proteins, we expected that PA and PB2 would be ubiquitinated before proteasomal degradation. To determine whether ubiquitination of PB2 and PA requires ZAPL, cells were transfected with a ZAPL plasmid and a PB2 or PA plasmid, with and without MG132 treatment. Another set of cells was transfected with only a PA or PB2 plasmid, but not with a ZAPL plasmid, and the cells were then treated with MG132. Ubiquitinated proteins were affinity-selected from cell extracts using beads linked to tandem ubiquitin-binding domains, followed by an immunoblot probed with PA or PB2 Ab. Multiple ubiquitinated proteins larger in size than PB2 or PA were detected in the cells transfected with the ZAPL plasmid (Fig. 4A, lanes 2 and 5) . Most of these ubiquitinated proteins were absent when PB2 and PA were not protected against proteasomal degradation by MG132 treatment (lanes 3 and 6), indicating that the observed ubiquitinated proteins are primarily PB2 and PA ubiquitin conjugates.
Ubiquitinated PB2 and PA proteins were also detected in the MG132-treated cells in the absence of plasmid-expressed ZAPL (lanes 1 and 4) . To determine whether endogenous ZAPL is responsible for this ubiquitination and degradation, we carried out two types of experiments. First, cells were transfected with either a control siRNA or ZAPL1 siRNA that efficiently knocked down endogenous ZAPL (Fig. 4B ). Cells were then infected with a retrovirus encoding PB2, PA, or GFP as a control. SiRNA knockdown of endogenous ZAPL effectively rescued PB2 and PA from degradation and did not affect GFP expression. In the second approach, we overexpressed the Z1 or Z2 ZAPL fragment to bind and sequester PB2 away from endogenous ZAPL. Cells were then infected with a retrovirus expressing either PB2 or GFP. Overexpression of either Z1 or Z2 rescued PB2 from degradation by endogenous ZAPL (Fig. 4C) . In contrast, Z2 did not affect the level of GFP. These results demonstrate that endogenous ZAPL, like plasmid-expressed ZAPL, is required for the degradation of PB2 and PA. Endogenous ZAPL is also required for ubiquitination: Z2 overexpression substantially reduced the ubiquitination of PB2 that occurs in the absence of plasmid-expressed ZAPL without affecting overall protein ubiquitination (Fig. 4D, right) .
Poly(ADP-Ribosylated) PB2 and PA Are Bound to ZAPL and Are Involved in ZAPL-Dependent Proteasomal Degradation. Cytoplasmic PARPcontaining proteins can initiate proteasomal degradation by poly(ADP-ribosylating) their target proteins, followed by ubiquitination catalyzed by a E3 ubiquitin ligase that recognizes poly(ADPribose) and the PARP protein to which the poly(ADP-ribosylated) target protein is bound (18, 19, 21, 22) . However, because the PARP domain of ZAPL lacks the catalytic activity for poly(ADP-ribosylation) (15) , it is likely that other PARP proteins would provide this activity, as shown previously for cellular proteins bound to ZAPL (19) . To determine whether PA and PB2 are poly(ADP-ribosylated), cells were transfected with a plasmid expressing ZAPL and Flag-PB2 or Flag-PA with and without MG132 treatment. Another set of cells was transfected with only a Flag-PA or Flag-PB2 plasmid with MG132 treatment. Cell extracts were immunoprecipitated with Flag Ab-conjugated beads, followed by an immunoblot probed with a polyclonal Ab generated against poly(ADP-ribose) chains (pADPr Ab) (19) . Multiple poly(ADP-ribosylated) protein species larger in size than PB2 and PA were detected in cells transfected with the ZAPL plasmid when proteasome degradation of PB2 and PA was inhibited by MG132 treatment (Fig. 5A, lanes 2 and 5) . These poly(ADP-ribosylated) proteins appear as a smear because of the heterogeneity in the length of the poly(ADP-ribose) chains that were added, as previously observed by others (19) . Most of these poly(ADP-ribosylated) protein species were absent when PB2 and PA were degraded in the absence of MG132 treatment (lanes 3 and 6), indicating that the observed poly(ADP-ribosylated) proteins (lanes 2 and 5) are primarily poly(ADP-ribosylated) PB2 and PA proteins. To verify that PB2 and PA are poly(ADP-ribosylated), cell extracts were subjected to denaturing conditions to dissociate PB2 and PA from other proteins before immunoprecipitation with Flag Ab-conjugated beads: again poly(ADP-ribosylated) PB2 and PA were detected in cells transfected with the ZAPL plasmid only when proteasome degradation of PB2 and PA was inhibited by MG132 treatment (Fig. S5) .
Poly(ADP-ribosylated) PB2 and PA proteins were also detected in MG132-treated cells in the absence of plasmid-expressed ZAPL (Fig. 5A, lanes 1 and 4) . As expected, ZAPL is not required for this poly(ADP-ribosylation): overexpression of the Z1 ZAPL fragment to sequester PB2 away from endogenous ZAPL did not reduce the poly(ADP-ribosylation) of PB2 in the absence of plasmidexpressed ZAPL (Fig. 5B) .
A key issue is whether poly(ADP-ribosylated) PB2 and PA are associated with ZAPL and are part of the ZAPL-dependent degradation pathway for PB2 and PA. We have shown that PB2 and PA proteins containing posttranslational modifications are associated with the plasmid-expressed Z2 fragment of ZAPL, which contains the WWE domain as well as the PARP domain (Fig. 3B) . To determine whether these posttranslational modifications include the addition of poly(ADP-ribose) chains, cells were transfected with a PB2 plasmid and a Flag-Z2 or empty plasmid, and the cells were treated with MG132 to minimize proteasomal degradation. Cell extracts were affinity-selected with a Flag Ab and immunoblotted with pADPr Ab or PB2 Ab (Fig. 5C) . Substantially more poly(ADP-ribosylated) species were detected in cells transfected with the Flag-Z2 plasmid (lane 2) than with the empty plasmid (lane 1), indicating that poly(ADP-ribosylated) PB2 is associated with the Z2 fragment of ZAPL. To demonstrate that poly(ADP-ribosylation) of PB2 is involved in ZAPL-dependent degradation of PB2, poly(ADP-ribosylation) of cytoplasmic proteins was increased by siRNA knockdown of cytoplasmic PARG proteins [poly(ADP-ribose) glycohydrolases] that remove poly(ADP-ribose) modifications from cytoplasmic proteins (23) . Two different PARG-specific siRNAs were used. Cells were then infected with a retrovirus expressing PB2. Knockdown of PARG substantially increased PB2 degradation (Fig. 5D ). The extent of the siRNA knockdown of PARG correlated with the extent of the increase in PB2 degradation. These results indicate that poly(ADP-ribosylation) of Fig. 4 . Plasmid-expressed and endogenous ZAPL are required for ubiquitination and degradation of PA and PB2. (A) Extracts of 293T cells transfected with the indicated plasmids, followed, where indicated, with MG132 treatment, were mixed with beads linked to tandem ubiquitin-binding domains to select for ubiquitinated proteins as described in SI Materials and Methods. The selected proteins were immunpoblotted with PB2 or PA Ab. (B) ZAPL was knocked down in 293T cells by ZAPL1 siRNA to determine the effect on the levels of retrovirusexpressed PB2, PA, or GFP. (C) V5-Z2 or Z1 was overexpressed in 293T cells for 48 h before retroviral expression of PB2 or GFP for another 24 h to determine the effect of Z2 and Z1 on the levels of PB2 and GFP. (D) The 293T cells were transfected with a V5-Z2 or empty plasmid for 40 h, followed by infection with a retrovirus expressing PB2 and then MG132 treatment. Ubiquitination of PB2 was determined as described in SI Materials and Methods. PB2, which is not carried out by ZAPL, is nonetheless involved in ZAPL-mediated degradation of PB2.
Mechanism by Which PB1 Counteracts ZAPL-Dependent Degradation of PA and PB2. Because the PB1-binding site on ZAPL is relatively close to the PB2-and PA-binding sites (Fig. 3C) , we postulated that PB1 binding to ZAPL would lead to the dissociation of PA and PB2 from ZAPL. To test this possibility, we carried out binding assays in cells treated with MG132, conditions under which PB2 and PA are stabilized and remain bound to ZAPL. Plasmid-expressed PA or PB2 that was bound to ZAPL after MG132 treatment was dissociated from ZAPL by the addition of increasing amounts of a PB1 plasmid, concomitant with PB1 binding to ZAPL (Fig. 6A, lanes 4 and 5; lanes 9-11) . The dissociation of PA and PB2 from ZAPL would be expected to protect them from ZAPL-mediated degradation. To test this prediction, we determined whether PB1 protects PA and PB2 from ZAPL-mediated degradation in the absence of MG132 treatment (Fig. 6B) . The degradation of plasmid-expressed PB2 and PA in cells transfected with the ZAPL plasmid was largely reversed by the transfection of a PB1 plasmid. These results show that PB1 binding to ZAPL dissociates PA and PB2 from ZAPL, thereby protecting PA and PB2 from degradation.
Discussion
Here we identify a new antiviral activity of ZAPL and demonstrate that this activity is directed against influenza A virus. The previously identified ZAPL antiviral activity is mediated by its N-terminal fingers that bind to the mRNAs of several viruses and promote the degradation of these mRNAs (8) (9) (10) (11) (12) (13) (14) . In contrast, the ZAPL antiviral activity identified in the present study involves its C-terminal PARP domain, which binds the influenza A virus PB2 and PA polymerase proteins. These two viral proteins are poly(ADP-ribosylated), presumably by other cytoplasmic PARP proteins, as shown previously for cellular proteins bound to ZAPL (19) . The ZAPLassociated, poly(ADP-ribosylated) PA and PB2 proteins are then ubiquitinated, followed by proteasomal degradation. This ZAPLdependent mechanism explains why endogenous ZAPL inhibits influenza A virus replication, as we established by a siRNA knockdown experiment.
The PB1 protein counteracts ZAPL antiviral activity by binding to the WWE region adjacent to the PARP domain, causing PB2 and PA to dissociate from ZAPL and escape degradation. This function of the PB1 protein explains why influenza A virus infection is only moderately inhibited (20-to 30-fold) by endogenous ZAPL, indicating that influenza A virus has partially won the battle against this newly identified ZAPL antiviral activity. ZAPL, which is located in the cytoplasm (16, 19) , would be expected to interact with the PA, PB2, and PB1 proteins in the cytoplasm before they interact with each other and enter the nucleus. Consistent with this prediction, immunofluorescence of cells cotransfected with a ZAPL and a PA, PB2, or PB1 plasmid verified that ZAPL interacts with PA, PB2, and PB1 in the cytoplasm. The situation in virusinfected cells is more complicated, where cytoplasmic PB1 could potentially interact not only with ZAPL, but also with PA and DDX21 (7, 20) , indicating that only some, but not all of the PB1 in the cytoplasm would be available to bind to ZAPL. Nonetheless, we showed that ZAPL binds the PB1 protein in virus-infected cells. Because PB1 binding on ZAPL inhibits ZAPL antiviral activity, eliminating this PB1 binding would be expected to substantially increase the inhibition of influenza A virus replication, so the PB1 interface with ZAPL is a potential target for antiviral development.
ZAPL also has an important cellular function. It binds Argonaute proteins, and both the Argonaute protein and ZAPL itself are poly(ADP-ribosylated) by other cytoplasmic PARP proteins (19) . Poly(ADP-ribosylation) of Argonaute increases during stress, leading to the relief of microRNA-mediated silencing of translation and uninhibited translation of cellular mRNAs that are regulated by microRNAs. This cellular function is probably compromised in influenza A virus-infected cells by the diversion of ZAPL molecules to carry out its antiviral function. In other studies, it was shown that poly(ADP-ribosylated) proteins associated with a different PARP-containing protein, tankyrase, are ubiquitinated by an E3 ligase (RNF146) that recognizes poly(ADP-ribose) chains via its WWE domain and also binds to ankyrin repeats in tankyrase itself (22, 24) . Hence, tankyrase is an essential scaffold for the E3 ligase that ubiquitinates the poly(ADP-ribosylated) protein bound to tankyrase.
These previous results, coupled with the results that we report in the present paper, provide a working model for the ZAPLdependent degradation of PB2 and PA (Fig. S6) . We showed that PB2 and PA bind to the ZAPL PARP domain and that poly(ADP-ribosylated) PB2 and PA are associated with the region of ZAPL composed of both the PARP and WWE domains. This association can be attributed to the specific binding of the WWE domain to the poly(ADP-ribose) chains attached to PB2 and PA (18) . It is likely that the association of poly(ADP-ribosylated) PB2 and PA with this region of ZAPL would be blocked by the binding of the PB1 protein to the WWE region. We found that full-length ZAPL binds substantially less modified PA and PB2 proteins than the Z2 fragment, suggesting that poly(ADP-ribosylated) PB2 and PA proteins in the Z2 region requires ZAPL sequences N-terminal to the WWE domain for further processing, i.e., ubiquitination and degradation. Accordingly, based on the tankyrase model, we propose that poly(ADP-ribosylated) PA and PB2 are ubiquitinated by an E3 ligase that recognizes not only the poly(ADP-ribose) chains on PA and PB2 but also regions of ZAPL that are N-terminal to the WWE domain. It should be noted that in this mechanism ZAPL rather than the E3 ligase provides the WWE domain that binds poly(ADP-ribose) chains, whereas in the tankyrase model the E3 ligase provides the WWE domain (22) . The ubiquitinated PB2 and PA proteins are then degraded by the proteasome.
Materials and Methods
The procedures for growth of 293T, HeLa, HEL299, and MDCK cells and for the generation of WT Ud virus and Ud virus encoding a Flag-NS1 protein have been described previously (25, 26) . Human ZAPL and ZAPS cDNAs were cloned by RT-PCR of RNA from human HEL299 cells using the primers shown in SI Materials and Methods. Retroviruses expressing PB2 or PA with a C-terminal Flag or GFP were generated as described in SI Materials and Methods. Ubiquitin and poly (ADP-ribosylated) chains on PB2 and PA were identified as described in the legends to Figs. 4 and 5 and in SI Materials and Methods. Complete details of experimental procedures are provided in primers shown in SI Materials and Methods.
